We have investigated the extent of DNA sequence required to form a bacterial attachment Bite (attB) that functions in bacteriophage X integration. A DNA fragment carrying attB of Escherlchia coli was trimmed, recloned and tested for recombination proficiency. Vn 'omul Chat the common core sequence plus the adjoining 4-bp sequences of both the B and B' arms are required for full activity, while plasmids with an even shorter attB sequence retain some capacity to function as attB In vivo. We also found that the nonspecific DNA that is joined to the required attachment site sequence does not significantly Influence the rate of the recombination reaction.
INTRODUCTION
When bacteriophage X lysogenizes its Z. coll host, the phage genome is integrated into the bacterial chromosome. The insertion takes place through a reciprocal site specific recombination involving specific loci on the phage and bacterial chromosomes. These loci are called attachment sites: POP 1 (attP) for the phage and BOB' (attB) for the bacterial chromosome. As a result of the integration reaction, prophage attachment sites, BOP 1 (attL) on the left and POB' (attR) on the right of the prophage genome, are generated.
The reaction involves breakage and reunion without degradation and resynthesis of DNA (1, 2) . This process requires a protein encoded by the phage lnt gene as well as two peptides encoded by E_. coli genes, himA and hip (3) . For the excision of the prophage, involving recombination between attL and attR, the protein encoded by the phage xls gene and the proteins required for Integration are needed for a fully efficient reaction.
The DNA sequences of the attachment sites (4) show that each site has the sane 15-bp sequence, called the common core, within which the crossover must take place. The crossover within this sequence takes place at a unique but different point on each strand (5) .
The extent of DNA sequence required for a functional phage attachment site has been determined by shortening a DNA fragment that carries attP and ©IRL Press Limited, Oxford, England.
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recloning these fragments Into plasmlds (6, 7) . About a 235-bp sequence that consists of 152 bp to the left and 82 bp to the right of the center of the core is required for the integrative recombination. This DNA segment contains four clusters of Int protein binding sites (5, 6, 8) .
In this work, the extent of DNA sequence required for the function of a bacterial attachment site has been determined. We find that a 23-bp sequence that includes the 15-bp common core sequence is required for the full activity of attB, while the core sequence alone retains limited activity. A preliminary account of this study has been given (5).
MATERIALS AND METHODS

Materials.
The bacterial factor for Integrative recombination was prepared from E_.
coli K12 strain HN356 and purified up to the phosphocellulose column chromatography step as described by Kikuchi and Nash (9) . A crude extract of HN442
(HC122642) was used as the source of Int protein without further purfication (9) . T4 DNA ligase was purified according to Panet et_ aJU (10) .
Restriction enzymes and T4 RNA ligase were obtained from New England
Biolabs. SI nuclease and T4 polynucleotide kinase were obtained from P-L Biochemicals. Calf intestine alkaline phosphatase was obtained from Boehringer Mannheim. Pronase (nuclease free) was obtained from Calbiochem.
The decanucleotide CCGCATCCGG (BamHI linker) and octanucleotide GGAATTCC (EcoRI linker) were obtained from Collaborative Research. r-32 P ATP (-3000
Ci/mmole) was obtained from New England Nuclear.
Trlnmlng and Recloning of att Fragments.
Conditions for trimming of double strand DNA fragments by SI nuclease have been described (7) . The extent of the reaction was varied by changing the enzyme concentration (600 units/ml to 2700 units/ml) or the reaction time (5 min to 45 min). Blunt-end llgation involving linker DNA molecules was carried out 39 described (7) . When required, the DNA was further digested with appropriate restriction enzymes, freed from unattached linker DNA molecules by chromatography on a Sephadex G-100 column, and llgated to an appropriately prepared cloning vector DNA. Transformation of E. coli cells was carried out according to Cohen et al^. (11) .
Isolation of Plasmlds with Recombined B arm and B' arm Sequences From Two Separate attB Plasmlda.
Since two attB sites cannot recombine directly, each of the two starting attB sites was first recombined with an attP site to form two sets of attL and attR sites, which were then recombined by an excisive recombination.
The resected B arm of plasmid pMM319 and B 1 arm of plasmid pMM296 were combined in the following way to form plasmid pMM326. Each of the starting plusralds was recombined with Xb515b519 by an i£ vivo integration reaction ami lysogens of the resulting attR-attL phages were isolated by the procedure described in the following section. Induction of the lysogens yielded lysates that contained the two types of attR-attL phages, which were purified by CsCl density gradient centrifugation and recombined by an excision reaction in vivo. The recombinant lysate was banded in a CsCl density gradient and heavy phages that contained attR-attB-attL genomes were purified. An E_. coll strain was infected with this phage and plated onto ampicillin agar plates. The colony on the plate carried the transducing phage genome as a multicopy plasmid due to the presence of pBR322 replication origin within the genome.
Ampicillin-re8istant transductants were pooled, the plasmid DNA was purified, In vivo Test for Attachment Site (attB) Plasmlds.
The procedure for testing plasmid-carrying strains For the function of the attachment site on the plasmid was described previously (7) . Briefly, the strain carrying the plasmld to be tested was Infected with Xb515b519 int"
. The phage lysate was tested for the presence of amp R transducing phages by using a host E_. coll strain lysogenic for XcI857::Tn9 at 32°C.
Plasmids carrying functional att-sites recombine with the infecting attP + phage to yield transductants resistant to ampicillin plus chloramphenicol at a frequency of about 10" .
In vitro Integratlve Recombination.
The conditions for in vitro intermolecular recombination reaction previ- Sequence Analysis.
The nucleotide sequences of DNA fragments were determined according to the chemical modification method of Haxan and Gilbert (13) .
RESULTS
Extent of Bacterial Attachment Site Sequence.
The plan of the experiments was to trim a DNA fragment containing a functional bacterial attachment site sequence, redone it, and test to see whether or not it still retained the ability to function as a bacterial attachnent site.
The starting material for this study was the DNA of plasmid pBAl. The construction of this plasmid has been described (12); its structure is shown The functional assays used to characterize att plasralds in this study were semi-quantitative. *The extent of continuous attB sequence retained by each plasmid is indicated. The in vivo assay had the range of assay of about 100-fold. ++; fully active Twithin 3-fold), +; about 5-to 10-fold less active, +; barely detectable, -; non-detectable.
well as most of the core sequence showed no detectable attB activity in the iri vivo test either. Plasraid pMM317 which retained only the attB sequence from -8 to +21 and showed no iji vitro activity, had a barely detectable level of attB activity in the iii vivo test.
In order to find out if the combination of the shortest functional B-arra sequence and the shortest functional B'-arm sequence is sufficient as the minimum attB sequence, two recorablnant plasmids were constructed.
Plasmid pMM326 was constructed from plasmids pMM296 and pMM319 by a series of ^£ vivo site specific recombination reactions as described in Materials and Methods; it carries the entire core sequence, but is missing Recombination?
In the experiments described above or in the similar experiments on the phage attachment site described previously (6,7), a plasmid DNA with a resected attachment site was used for the recombination reaction after cutting by a restriction enzyme into a unit sire linear forn (attB) or as circular DNA without cutting (attP). Thus, it has not been clear whether or not the long piece of DNA adjacent to the attachment site sequence plays any role in the recombination reaction. To answer this question, the following experiment was carried out.
The plasmid pMM291 was cut either by Aval or by both EcoRI and BamHI. In the first case, the attB sequence was flanked by 1050 bp and 2936 bp of DNA segments, while in the second case, the attB sequence was located on a 46-bp fragment that was cut away from the rest of the plasmid DNA. These two forms of attB DNA were compared for their efficiency of recombination with the supercoiled form of attP DNA either in separate reactions or within the same reaction. In either case, the rates of reaction of the two forms of attB substrate were indistinguishable (Fig. 7A) .
A complementary experiment was carried out with two forms of attP DNA.
Plasmid pPA259 DNA (7) was cut either by BamHI to separate the 294-bp fragment with attP from the rest of the plasmid DNA, or by Aval to generate the 4.7
kilobase pair full-size linear molecule with attP. AttB DNA (pMM 291) linearized by PstI, was recombined with these two forms of attP DNA, either in separate reactions or in the same reaction. The reaction conditions were modified to accoonodate the non-supercoiled form of attP DNA (14) . Again, the two forms of attP DNA showed no significant difference in the rate of the reaction with attB DNA (Fig. 7B) .
We conclude that the bulk of DNA outside of the minimal attachment site sequence does not contribute to the kinetics of the reaction except through the effect of superhelicity in the case of attP DNA. The size of the DNA fragment on which the attachment site is located does not seem to influence the rate of the recombination reaction. This seems to be true for both attB and attP. For some proteins that act at specific sites on DNA molecules, a model has been proposed in which the protein first establishes a weak nonspecific interaction with DNA at any site on the molecule and then, through linear diffusion on the DNA molecule, finds the specific site where it acts (17) . In this "DNA antenna" model, the existence of nonspecific DNA adjacent to the specific site Increases the rate at which the protein finds the specific site on DNA. For a site-specific recombination reaction that Involves two specific sites on DNA, there is the second step that, in theory, can involve similar mechanisms, which is sometimes called "DNA tracking". This is the step in which one of the sites (most likely in a protein bound form) finds the other site to react with (either also in a protein bound form or without bound protein, depending on the mechanism of the reaction). Some form of "DNA tracking models" have been proposed to explain the effect of relative orientation of recombining sites in the case of other site specific recombination reactions (18, 19) . The possible involvement of a linear diffusion mechanism used by Int protein to find the second attachment site for recombination under special reaction conditions, different from those used In this study, has also been described by Craig and Nash (20) .
Since we did not find any difference in the rate of reaction when the attachment site was on a large or small fragment of DNA, even when they were allowed to compete in the same reaction for the same DNA partner. We conclude that either the "DNA antenna mechanism" does not apply to the integrative recombination reaction of phage X, at either of the two possible steps, or the step that may involve such a mechanism is not the rate-limiting step in the reaction, under the reaction conditions used for this study.
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